I nterleukin-7 is an essential and nonredundant cytokine for T cell development in the thymus and also for T cell homeostasis in the periphery. Its importance is exemplified by its absence, which results in T 2 B + NK 2 SCID in humans and in the paucity of both B and T cells in mice (1) . IL-7 signaling is mediated through a heterodimeric complex of the IL-7 receptor a-chain and the IL-2 receptor g-chain, also known as the common gc-chain (gc) (2) . Upon IL-7 binding, the IL-7 receptor activates two major downstream signaling pathways, namely the JAK-STAT and PI3K-Akt pathways, which induce expression of antiapoptotic proteins such as Bcl-2 and Mcl-1 and also upregulate metabolic activities by targeting expression of glucose transporter-1 (3). Thus, IL-7 is a critical cytokine for T cells, chiefly because of its role in providing prosurvival signals. Regulatory T cells (Tregs) are a subset of CD4 + T cells that play a critical role in maintaining self-tolerance. Their importance is manifested by the IPEX syndrome in humans and by the lethal autoimmune lymphoproliferative phenotype of scurfy mice, where in both cases Treg generation is impaired (4) (5) (6) (7) . Expression of the forkhead transcription factor Foxp3 is both necessary and sufficient for CD4 + Treg development, and STAT5 has been identified as a major activator of Foxp3 + expression (8, 9) . Curiously enough, while both IL-7 and IL-2 induce activation of STAT5, it is only the IL-2 receptor-dependent activation of STAT5 that drives the differentiation and maintenance of Foxp3 + cells in vivo (8, 10) . As such, IL-2 or IL-2 receptor-deficient mice are severely impaired in Treg generation, and IL-2 signaling is uniquely required for Treg expansion and homeostasis in vivo (11, 12) . Why most T cells are dependent on IL-7 but Tregs are dependent on IL-2, and why IL-7 cannot substitute IL-2 in Treg generation, especially in vivo, remain open questions that are important for understanding Treg function. A potential explanation for a skewed preference toward IL-2 is the significantly lower IL-7Ra expression level on Foxp3 + Tregs. Foxp3 directly suppresses IL-7Ra transcription and thus could lower IL-7 sensitivity (13, 14) . However, IL-7 stimulation of Tregs still strongly induces STAT5 phosphorylation and upregulates Foxp3 expression in vitro, and as such Tregs are IL-7 signaling competent (15) . Because Tregs are very likely exposed to the same tonic IL-7 signals as other T cells undergoing homeostasis, a potential role for IL-7 in Tregs needs to be tested in vivo. Additionally, it is not known whether IL-2 signaling alone is sufficient for Treg survival or whether IL-2 only acts in the presence of tonic IL-7 signaling. Consequently, we wished to know if Tregs are entirely independent of IL-7 or whether Tregs also require IL-7 as other CD4 + ab T cells do. Dissociating IL-7's role in the thymus from IL-7's role in peripheral homeostasis in vivo is a daunting task. To date, no experimental system satisfactorily succeeded in removing IL-7 signaling in peripheral tissues only, without also disturbing T cell generation in the thymus. The conventional method of choice had been adoptive transfers of T cells into IL-7-deficient mice (16, 17) . However, intrinsic problems inevitably linked to such approaches render the read-out of these experiments quite con-fusing. That is, upon adoptive transfer into a lymphopenic environment, such as into IL-7-deficient mice, donor T cells undergo lymphopenia-induced proliferation. This in turn induces an activated-memory phenotype in these cells, which does not correspond to a homeostatic, steady-state condition (18, 19) . Additionally, adoptive transfer not only tests the requirement of IL-7 in T cell survival but also its requirement for homeostatic proliferation. As an alternative approach, acute in vivo treatment with neutralizing anti-IL-7 or anti-IL-7Ra Abs or even conditional deletion of IL-7Ra gene expression using an inducible Cre transgene have been employed with the aim to disable peripheral IL-7 signaling (20, 21) . But again, all these approaches had the same limitation in that they not only induce a peripheral but also a systemic IL-7 deprivation that affects the thymic output of mature T cells. Thus, the lack of normal thymopoiesis obscures conclusions about the role of IL-7 in peripheral T cell homeostasis. Altogether, these reports indicate that aside from the role of in vivo IL-7 in Foxp3 + Tregs, to date even the role of in vivo IL-7 in ab T cell survival has not been firmly demonstrated without the manipulation of donor cells or host mouse.
We considered that an ideal model for the role of IL-7 for peripheral T cell homeostasis would be an in vivo system where IL-7 expression in the thymus is intact but mature thymocytes would then egress into an IL-7-deficient environment. To establish such a system, we crossed mice expressing a proximal lck enhancerdriven IL-7 transgene onto an IL7
KO background, which we referred to as "K7" mice. We found that K7 mice express high levels of transgenic IL-7 in the thymus but none in peripheral cells. We also found that transgenic IL-7 completely rescued T cell development in the thymus but failed to maintain T cell homeostasis in the periphery as K7 mice had dramatically reduced lymph node (LN) T cell numbers. Thus, K7 mice represent a novel model of peripheral lymphopenia induced by peripheral IL-7 deficiency that can be used to assess IL-7's effect on T cell survival, homeostasis, and function in future studies. Using this model, in this study we identified a critical role of in vivo IL-7 in ab T cell homeostasis and we identified IL-7 as a nonredundant cytokine for Foxp3 + Treg survival and homeostasis in vivo.
Materials and Methods

Animals
C57BL/6 (B6) mice were obtained from the Frederick Cancer Research and Development Center (Frederick, MD). IL-7-deficient (IL7 KO ) and proximal lck-driven IL-7 transgenic (IL7 Tg ) mice had been previously described (22, 23) . Transgenic mice expressing IL-7 under the mouse H2-Ea promoter were obtained from The Jackson Laboratory (Bar Harbor, ME). Animal experiments were approved by the National Cancer Institute Animal Care and Use Committee, and all mice were cared for in accordance with National Institutes of Health guidelines.
Thymectomy
K7 mice were thymectomized at 3 wk of age and analyzed 6 wk after surgery. Mice were anesthetized by i.p. injection of ketamine/xylazine at 0.1 ml/10 g body weight. For analgesia, buprenorphine 0.5 mg/kg body weight was administered s.c. before surgery. After positioning the mouse in dorsal recumbency, an incision was made from the neck to midway down the chest, and thymus lobes were removed by suction using a small pipette attached to a vacuum container. The chest was closed with absorbable suture, and 0.25% bupivacaine was applied to the incision prior to closing the skin. Skin was closed using stainless steel autoclips, which were removed after 10 d.
Immunofluorescence and flow cytometry
Single-cell suspensions of thymus, spleen, or LN were harvested, stained, and analyzed on an LSRII, FACSAria, or FACSCalibur (Becton Dickinson). Dead cells were excluded by forward light scatter gating and propidium iodide staining. Data were analyzed using software designed by the Division of Computer Research and Technology at the National Institutes of Health. Abs with the following specificities were used for staining: CD4 (GK1.5 and RM4-5), CD8a (53-6.7), TCRb (H57-597), IL-2Ra (PC61.5), Foxp3 (FJK-16s), CD24 (30-F1), IL-7Ra (A7R34), Qa-2 (69H1-9-9) (all from eBioscience); gd TCR (GL3), CD44 (IM7), CD62L (MEL-14), IL-2Rg (4G3), IgG1k isotype control (B56), Ki-67 (MOPC-21) (all from Becton Dickinson). Intracellular staining was done using the Foxp3 staining buffer set according to the manufacturer's instructions (eBioscience). CD1d/ PBS57 tetramers were from the National Institutes of Health tetramer facility (Emory University, Atlanta, GA). 
Treg in vitro suppression assay
Statistical analysis
Data are shown as mean 6 SEM. The two-tailed Student t test was used to calculate p values. A p value # 0.05 was considered statistically significant.
Results
Foxp3 + Treg generation and homeostasis in IL-7-deficient mice
To confirm the IL7 KO phenotype, we first determined total thymocyte numbers in WT and IL7 KO mice. As previously reported (23), IL7 KO mice had severely decreased thymocyte numbers but displayed a relatively normal CD4/CD8 thymocyte profile ( Fig.  1A and data not shown). IL7 KO mice also showed normal proportions of Foxp3 + cells within CD4SP thymocytes (Fig. 1B ), but absolute Foxp3 + Treg numbers were severely reduced (Fig. 1C) . Notably, all Foxp3 + cells in the thymus also expressed Helios even in the absence of IL-7 ( Fig. 1B) indicating that natural Treg generation in the thymus is IL-7 independent (24). Thymic Treg numbers, however, appeared to be IL-7 dependent.
Next, to assess T cell homeostasis in IL-7-deficient tissues, we determined CD4 + T cell numbers in WT and IL7 KO spleens. We found that IL7 KO mice were peripheral T lymphopenic and that CD4 + T cell numbers remained very low even in older mice (Fig.  1D ). More importantly, and in contrast to the study by Mazzucchelli et al. (25) , we found that peripheral Foxp3 + Treg numbers were drastically reduced in IL7 KO mice compared with WT mice (Fig. 1E ). These data suggest that IL-7 plays a nonredundant role in peripheral Treg homeostasis, but it remains unclear whether IL-7 is essential for Treg survival or for homeostatic proliferation induced by a lymphopenic environment.
Transgenic IL-7 restores T cell development and Foxp3
+ Treg numbers in IL7 KO thymocytes
To limit IL-7 deficiency to peripheral tissues, next we generated a new in vivo model where IL-7 is exclusively expressed in thymocytes. K7 mice are IL7 KO mice that are transgenic for a proximal lck enhancer-driven murine IL-7 cDNA (22) . Thymocyte development in K7 mice was completely restored if not enhanced regarding cell numbers compared with WT mice ( Fig. 2A) . Also, ab T cell maturation and CD4/CD8 lineage differentiation ( + Treg numbers in K7 mice were recovered to a comparable level of Foxp3 + cell numbers in WT mice (Fig. 2E) . Collectively, we document that a thymocytespecific IL-7 transgene is sufficient to restore development of all major thymocyte populations, including Foxp3 + Tregs, on a germline IL-7-deficient background.
Proximal lck enhancer-driven IL-7 transgene expression is terminated upon positive selection In K7 mice, the only in vivo sources of IL-7 are thymocytes expressing the IL-7 transgene. To monitor such IL-7 expression, we assessed IL-7 mRNA levels in whole thymocytes and purified LN T cells from K7 mice. Transgenic IL-7 mRNA expression was extinguished in mature LN T cells indicating an absence of IL-7 in peripheral tissues (Fig. 3A) . To pinpoint further the termination of IL-7 expression to a specific developmental stage, we subdivided whole thymocytes into three populations, preselection (I), postselection (III), and cells undergoing positive selection (II), based on surface CD69 and TCRb expression (Fig. 3B, Supplemental  Fig. 1C) . These populations were then sorted from K7 thymocytes and tested for correct purification by assessing CD69 and CD5 expression using quantitative real-time PCR (Supplemental Fig.  1D ). When tested for IL-7 mRNA expression, we found that IL-7 mRNA expression was terminated in mature thymocytes (Fig.  3B) . Specifically, these results showed that IL-7 was highly expressed in CD69
2 TCRb low preselection thymocytes but that transgenic IL-7 expression was terminated upon TCR signaling at the CD69 + stage.
Peripheral T cell lymphopenia in K7 mice
To assess how in vivo IL-7 deprivation affects peripheral T cells, total spleen cells were stained for TCRb and CD4/CD8 expression in WT and K7 mice. K7 spleen cells contained a much smaller T cell population compared with WT mice with a preferential decrease in CD8 + T cells (Fig. 4A) . These results further translated into severely diminished T cell numbers in K7 LNs and to a skewed CD4/CD8 ratio toward CD4 cells (Fig. 4B, 4C , Supplemental Fig. 2A ). CD8 coreceptor expression is a sensitive marker for in vivo IL-7 signaling (26) . To examine whether the loss of peripheral T cells is due to absent in vivo IL-7 signaling, next we quantified surface CD8 levels on K7 CD8 + T cells and found significant reduction of surface CD8 levels compared with WT CD8 + T cells (Fig. 4D) . Importantly, such lower CD8 levels were not developmentally set as newly generated K7 and WT CD8SP thymocytes expressed identical levels of surface CD8 in the thymus (Supplemental Fig. 2B ). In addition to CD8 levels, IL-7 signaling is also critical for maintaining antiapoptotic Bcl-2 expression (3). Consequently, we wished to know whether Bcl-2 levels were reduced in K7 T cells compared with WT cells. Upon intracellular staining for Bcl-2, we found that K7 CD8 + T cells expressed significantly lower Bcl-2 levels than WT cells (Fig. 4E) , which was also the case for K7 CD4 + T cells (Supplemental Fig.  2C ). Collectively, these results showed that peripheral K7 T cells showed all the indications for absent IL-7 signaling in vivo, and these data formally document the importance of peripheral IL-7 in the survival and maintenance of a mature T cell pool. Notably, IL-7 receptor levels were much lower in K7 LN T cells than in WT cells (Fig. 4F) . This was contrary to our expectations, as in vivo IL-7 downregulates IL-7Ra expression (27) , and IL-7 signaling is presumably absent in peripheral K7 T cells. Consequently, we wished to know the identity of surviving T cells in K7 mice and thus phenotyped these cells for naive and activated memory cell markers. In striking contrast to IL7 KO mice, where a large fraction of LN T cells are CD122 hi CD44 hi activated/ memory cells (Fig. 4G) , LN T cells in K7 mice were predominantly naive and expressed significantly reduced percentages of cells with memory T cell markers (Fig. 4G, Supplemental Fig.  2D ). Also, intracellular staining for the nuclear proliferation Ag Ki-67 revealed that K7 LN T cells are mostly quiescent nonproliferating cells, suggesting that peripheral lymphopenia fails to induce homeostatic proliferation in the absence of IL-7 (Supplemental Fig. 2E ). On the basis of these results, we consider it likely that most K7 T cells are recent thymic emigrants that were recently signaled by IL-7 in the thymus and hence are expressing low levels of IL-7Ra. In the absence of peripheral IL-7, these cells survive only a short time without further accumulation or undergoing homeostatic proliferation into activated memory phenotype cells.
Peripheral T cell survival in thymectomized K7 mice
To determine the contribution of thymic output on peripheral K7 T cell numbers, next we thymectomized K7 mice and analyzed their peripheral T cell compartment after 6 wk of procedure (Supplemental Fig. 3A ). Compared to sham-operated control K7 mice, thymectomized K7 mice showed a dramatic decrease in peripheral T cell percentages with equal reduction in both CD4 and CD8 T cells and a significant loss in absolute LN T cell numbers (Fig. 5A , 5B). Notably, the vast majority of remaining CD4 T cells was composed of CD62L lo CD44 hi memory phenotype cells (Fig. 5C ). This was also the case for the CD8 T cell compartment, which similarly lost naive T cells but accumulated CD122 hi CD44 hi memory phenotype cells (Fig. 5D ). Such changes in the composition and size of the peripheral T cell pool were also observed in spleens of thymectomized K7 mice (Supplemental Fig. 3B, 3C) , which was similarly accompanied by a specific reduction in naive T cell and concomitant increase in memory T cell percentages (Supplemental Fig. 3D, 3E ). In sum, these results indicate that the naive T cell pool in K7 mice is primarily maintained by thymic output and that survival and homeostasis of naive T cells are critically dependent on peripheral IL-7. Thus, peripheral T cells in K7 mice represent a unique opportunity to examine the role of IL-7 in the maintenance and homeostasis of mature T cells.
Impaired Foxp3
+ Treg homeostasis in the absence of peripheral IL-7
Using this new in vivo model of peripheral IL-7 deficiency, next we assessed the role of IL-7 in Foxp3 + Treg homeostasis. Surprisingly, despite normal numbers of Tregs in the thymus (Fig. 2E) , we found a dramatic reduction of Foxp3 + Treg numbers in K7 LNs (Fig. 6A) . Proportionally, however, CD4 + CD25 + Foxp3 + Treg percentages among K7 CD4 T cells was largely unaffected, and most Foxp3 + cells were also Helios + indicating that these surviving cells were thymus-derived natural Tregs (Fig. 6B) . These data further support the idea that the majority of peripheral K7 T cells, including Tregs, are recent thymic emigrants. Strikingly, in the absence of peripheral IL-7, Foxp3 levels in K7 Tregs were significantly reduced compared with WT Tregs (Fig. 6C) . CD25 expression on the same cells, however, was not affected, which suggests that IL-7 is specifically acting on Foxp3 (Fig. 6D) . To confirm that this is a direct effect of IL-7, we next cultured K7 Tregs with IL-7 in vitro and assessed their Foxp3 levels the next day. Compared to medium-cultured cells, overnight IL-7-treated Tregs showed significant increase of Foxp3 levels, implicating the absence of in vivo IL-7 as a cause for lower Foxp3 levels in K7 mice (Fig. 6E) . Then, to test whether IL-7 can induce Foxp3 expression also in vivo, we assessed Foxp3 levels in H2-Ea IL-7 transgenic mice, which overexpress IL-7 in peripheral tissues at high levels. We found that Foxp3 levels were significantly increased, which further supports the notion of an IL-7-dependent pathway of Foxp3 expression (Fig. 6F) . Finally, to assess the functional capability of K7 Tregs, we tested their activity in a series of in vitro suppression assays. Surprisingly, despite their initial low levels of Foxp3, K7 Tregs were excellent suppressors, indistinguishable from their WT counterparts (Supplemental Fig.  4A ). But further analysis of in vitro-cultured Tregs revealed that Foxp3 levels in K7 Tregs had recovered to WT levels, which explains their intact Treg function (Supplemental Fig. 4B, 4C ). We consider it likely that accumulation of high levels of IL-2 from responder T cells in vitro would have upregulated Foxp3 in K7 Tregs and as such has restored any potential functional defects.
Collectively, these data demonstrate that peripheral IL-7 is a critical factor for Treg survival and, surprisingly, also for upregulating Foxp3 levels under homeostatic conditions.
Discussion
T cells are strictly dependent on IL-7 for both their thymic development and peripheral homeostasis. However, Foxp3 + Tregs are unique among T cells in that they are dependent on IL-2. Whether such IL-2 dependency is in addition to an overall in vivo IL-7 requirement or whether IL-2 itself is sufficient is unclear. Using a novel in vivo model of peripheral IL-7 deficiency, in this study we assessed the requirement of IL-7 in T cell survival in general and in Treg homeostasis in particular. We found that a thymocyte-specific IL-7 transgene completely restored the development of ab T cells, gd T cells, and NKT cells in the thymus when crossed onto an IL-7 null background (K7 mouse). Importantly, CD4 + CD25 + Foxp3 + Treg numbers were also restored in K7 thymuses. However, in the absence of peripheral in vivo IL-7, we found a dramatic decrease in LN T cell and specifically of Foxp3 + Treg numbers that was accompanied by a significant decrease in intracellular Foxp3 expression levels. These results document that IL-7 is a critical factor for peripheral Treg homeostasis and also unveil a function of IL-7 in maintaining Foxp3 protein expression in Tregs.
The role of intrathymic IL-7 is manifold. Among others, IL-7 signaling is required for the survival of immature CD4, CD8 double negative thymocytes, opening up the TCRg-chain locus during gd T cell development, and also for lineage specification of CD8 cytolytic T cells (28) (29) (30) (31) (32) . The significance of IL-7 in T cell biology is evident by the failure to generate meaningful T cell numbers in the absence of intrathymic IL-7 signaling. However, such an essential role seems not to include the generation of the Foxp3 + Treg subset (33) . In fact, the role of IL-7 on intrathymic Foxp3
+ Treg differentiation has been considered to be negligible or secondary to other gc-cytokines and only to have any Mean fluorescence intensities of intracellular Foxp3 levels were determined in WT and K7 LN Tregs. Graph shows the summary of K7 Foxp3 levels relative to WT levels, which was set to 100 (right). Results are the summary of six independent experiments. (D) Surface CD25 expression is not affected in K7 Tregs. Mean fluorescence intensities of surface CD25 levels were determined from WT and K7 LN Tregs. Graph shows the summary of K7 CD25 levels relative to WT CD25 levels, which was set to 100. Results are the summary of six independent experiments. (E) IL-7 upregulates Foxp3 expression in K7 Tregs. K7 Tregs were stimulated overnight with IL-7 (10 ng/ml) or with medium alone. The next day, Foxp3 levels were determined by intracellular staining, and relative expression was calculated from mean fluorescence intensity. Data are the summary of three independent experiments. (F) Increased Foxp3 levels in peripheral IL-7 transgenic mice. LN Tregs from WT or H2-Ea promoter-driven IL-7 transgenic mice (H2-Ea IL7 Tg ) were assessed for Foxp3 expression. Contour plots are representative of three independent experiments (left). Graph shows the summary of IL7 Tg Foxp3 levels relative to WT levels, which was set to 100 (right). Results are the summary of three independent experiments. visible effects in context of an IL-2 deficiency (34). Moreover, IL-7's role in the maintenance of peripheral Foxp3 + Tregs has been proposed to be dispensable as suggested in the original report by Peffault de Latour et al. (33) and recently again by Mazzucchelli et al. (25) . According to these studies, Treg numbers and phenotypes were unaffected in IL-7-deficient mice compared with WT mice (25, 33) , and acute treatment with neutralizing anti-IL-7Ra Abs further suggested that peripheral Tregs did not require IL-7R signaling for their accumulation and maintenance in vivo (20) . In contrast, there is also a concurrent view that proposes a vital role for IL-7 in Treg homeostasis over both intrinsic and extrinsic mechanisms. In the latter case, for example, immunoregulatory dendritic cells were found to express IL-7 and provide survival signals to prevent Treg apoptosis (35) . In agreement with such notion, in this study we report that, at least in our hands, IL-7-deficient mice were severely lymphopenic not only for abT cells but also for peripheral Foxp3 + Tregs. Furthermore, by assessing K7 mice, which are selectively deficient in peripheral IL-7, we demonstrate that in vivo, IL-7 is indeed a critical factor for maintaining Treg numbers.
Importantly, and in contrast to other approaches, the K7 mouse system specifically targets IL-7 deficiency to peripheral cells, without affecting the development and thymic output of Tregs. Thus, absent peripheral IL-7 in the presence of a normal thymic Treg output provides a clear-cut answer for IL-7's requirement specifically in peripheral Treg survival. Another important aspect of peripheral IL-7 biology in K7 mice was shown by its role in regulating Foxp3 levels. Previous studies have documented that attenuation of Foxp3 expression, such as a 5-to 10-fold reduction of normal Foxp3 protein levels, resulted in a progressive lymphoproliferative disease (36) . Along this line, the significant reduction of Foxp3 but not of surface CD25 levels in K7 mouse Tregs suggests a hitherto unacknowledged role of IL-7 in maintaining the functional fitness of the Tregs. Initial attempts to address the functionality of K7 Tregs failed to provide us with a conclusive answer, mainly due to limitations of the in vitro assays, but we are currently considering alternative ways to address this question in vivo. Because previous observations have already placed Foxp3 expression downstream of IL-2 and STAT5 (15), our current observations further establish a role of IL-7 as a homeostatic cytokine in maintaining Foxp3 expression in vivo. In this regard, regulation and fine tuning of Foxp3 levels by IL-7 and other gc-cytokines could be the molecular basis of the plasticity and promiscuity of Foxp3 + T cells as observed for both Tregs and non-Treg CD4 + T cells (37) . Although IL-7 is a critical cytokine for T cells, curiously enough, IL-7 is not produced by T cells themselves. The source of in vivo IL-7 has been elusive for a long time, but recently a flurry of reports has identified CD45 neg thymic stromal cells and also a diverse population of other non-T cells in peripheral organs as the major producers of IL-7 (38) . Notably, although IL-7 is a soluble factor, it has been proposed that IL-7 would be actually presented to T cells in trans by binding to the extracellular matrix of stromal cells or as a heterodimer with the hepatocyte growth factor-b (39, 40) . Whether such a trans-presentation is necessary for effective IL-7 signaling and whether transgenic IL-7 expressed in cis is sufficient to drive T cell development in the thymus was not known. The complete restoration of T cell development in K7 mice, however, strongly suggests that thymocyte-specific expression of IL-7 is sufficient for T cell development and differentiation in the thymus. Thus, IL-7 produced by thymocytes in cis can replace stromal cell-derived IL-7 in all aspects of thymocyte development, including gdT cell, NKT cell, and CD8SP thymocyte differentiation.
In addition to its role in T cell development, IL-7 is also critical for maintaining T cells. Such a notion was first reported in the seminal studies of Lefrançois and colleagues (16) and Surh and colleagues (17) where adoptive T cell transfer into an IL-7-deficient environment revealed an essential and nonredundant role of IL-7 in T cell homeostasis. In these experiments, adoptively transferred T cells underwent lymphopenia-induced homeostatic proliferation in all gc-cytokine-deficient mice except for IL-7-deficient mice. Importantly, however, adoptive transfer experiments failed to clarify IL-7's role under steady-state conditions and in the absence of lymphopenia-induced proliferation. Consequently, since then, a variety of different approaches have been used to assess this issue further by testing acute and conditional depletion of IL-7 signaling in vivo (20, 21) . Nonetheless, a major problem in depleting IL-7 signaling using systemic anti-IL-7 or anti-IL-7Ra treatment is that it also neutralizes intrathymic IL-7 signaling. In such case, estimating peripheral T cell numbers must not only take account of peripheral IL-7 deficiency but also of impaired thymic output. For example, conditional deletion of IL7Ra in T cells supported the notion that IL-7 signaling is critical for peripheral T cell survival (21) . Accordingly, only after 3 d of acute IL-7Ra deletion, peripheral T cell numbers were already reduced to one third in vivo (21) . A limitation in interpreting this study is the accumulation of T cells that have escaped IL-7Ra deletion and are IL-7 signaling competent. Moreover, without information on thymocyte development and thymic output, it is difficult to delineate the precise peripheral effect of IL-7Ra deletion from a systemic IL-7 signaling deficiency. In this regard, the K7 mouse is a powerful tool to assess IL-7's role in peripheral T cell maintenance, and it was to our satisfaction that K7 mice were indeed severely impaired in maintaining the size of the peripheral T cell pool. More importantly, thymectomized K7 mice revealed that virtually all of the peripheral naive T cells are recent thymic emigrants, whose total numbers were absolutely dependent on thymic output. This is in agreement with a recent assessment of T cell dynamics and turnover in vivo, which identified thymus output as the exclusive mechanism to supplement naive T cells in adult mice (41) . Thus, the dramatically reduced peripheral T cell numbers in K7 mice and the even more severely reduced naive T cell numbers in thymectomized K7 mice directly demonstrate the requirement of IL-7 in peripheral T cell survival under steadystate conditions.
Collectively, these results provide direct in vivo evidence of peripheral IL-7 requirement for the survival and maintenance of T cells, and particularly of Foxp3 + Tregs. These data also provide a clear answer to an IL-7 requirement for Foxp3 + cell survival in vivo for which adequate models have not been available. Whether peripheral IL-7 also plays additional roles beyond its involvement in maintaining T cell numbers by controlling primary or recall T cell immune responses or by affecting functions of other immune cell populations can now be tested using this new in vivo model of K7 mice.
